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Effect of Pacing Current Strength on Indexes of Myocardial Activation
in Humans: Influence of Chronic Infarction and Polarity of Pacing
MALTE MEESMANN, MD, FRANCIS E. MARCHLINSKI, MD, FACC
Philadelphia, Pennsylvania
The effects of current strength (threshold to 20 mA) and
pacing polarity (bipolar versus unipolar) on indexes of
ventricular activation during endocardial pacing (cycle
length 400 to 500 ms) from 10 normal and 17 abnormal left
ventricular s~tes were assessed in 19 patients. Abnormal
sites were infarcted and demonstrated an electrogram
duration >70 ms and amplitude <3 mV during sinus
rhythm. Bipolar pacing was performed from poles 1 (cath-
ode) and 3 (1 em interelectrode distance) of a quadripolar
catheter. Unipolar cathodal pacing was performed from the
tip electrode (pole 1). Local activation was indexed by the
interval from the pacing stimulus to 1) the onset of the QRS
complex, 2) the largest rapid deflection of the local electro-
gram, and 3) the end (total duration) of the local electro-
gram recorded from poles 2 and 4 of the quaciripolar
catheter used for left ventricuiar pacing. Distant activation
was indexed by the interval from pacing stimulus to elec-
trograms recorded at the right ventricular apex and outflow
tract.
The importance of pacing current strength during pro-
grammed stimulation for the induction of ventricular tachy-
cardia and antitachycardia pacing has been noted in mUltiple
studies (1-15). The effect of increased current strength on
the ability to initiate or terminate arrhythmias has often been
attributed to a decrease in the local ventricular effective
refractory period, which permits shorter coupled extrastim-
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Bipolar and unipolar pacing of normal sites produced a
modest homogeneous reduction of all activation times by 3
to 11 ms (median) with increments in current strength from
threshold (0.8 mA) to 20 mAo Bipolar pacing of abnormal
sites showed marked (up to 110 ms) and heterogeneous
changes in local (median 22 to 30 ms) as well as distant
(median 14 to 23 ms) activation times with increases in
current strength from threshold (2.7 mA) to 20 mAo
Unipolar pacing of abnormal sites showed less pronounced
changes in local and distant activation times (p < 0.05)
when compared with bipolar pacing at the same sites.
In summary, timing of local and distant myocardial
activation is dependent on the pacing polarity and current
strength as well as the anatomic integrity of the pacing site.
These results have implications for the current strength
used for programmed ventricular stimulation, pace map-
ping and pacing techniques that may prevent arrhythmias.
(J Am CoB CardioI1990;15:393-401)
uli to result in ventricular capture (1-9,12,13). However,
high current programmed stimulation may result in tachy-
cardia inducibility or termination at coupling intervals iden-
tical to those that proved ineffective in inducing or terminat-
ing ventricular tachycardia when stimulation was performed
at twice threshold (6,8,13). Effects of high current pacing on
the temporal dispersion of refractoriness or the pattern or
extent, or both, of ventricular activation have been impli-
cated as additional mechanisms by which high current
strength pacing can potentiate the initiation or termination of
ventricular arrhythmias (4,5,9).
No systematic evaluation ofthe effect of current strength
on ventricular activation has been performed in humans. In
addition, the influence of pacing site with respect to the
presence of chronic infarction and the influence of the
polarity of pacing (that is, unipolar versus bipolar) On the
changes noted in ventricular activation related to current
strength have not been determined. This study was designed
to assess the effects of current strength and polarity of
pacing (unipolar versus bipolar) on local and distant activa-
0735-1097/90/$3.50
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tion times when pacing normal and abnormal (chronically
infarcted) left ventricular endocardium.
Methods
Study patients. There were 17 men and 2 women in the
study group; they had a mean age of 60 ± 13 years (range 26
to 79). Fourteen patients had a history of prior (>6 months)
myocardial infarction; three patients had idiopathic dilated
cardiomyopathy. Patients underwent electrophysiologic
study for evaluation of sustained ventricular tachycardia
(n = 13), cardiac arrest (n = 4) or syncope (n = 2). Six
patients were being treated with antiarrhythmic agents at the
time of the study (amiodarone in five patients and procain-
amide in one patient). The study was approved by the
Committee on Studies Involving Human Beings at the Uni-
versity of Pennsylvania. All studies were performed after
obtaining informed written consent.
Catheter type and placement. As part of the standard
evaluation of the patient's arrhythmia, two 6F quadripolar
catheters (0.5 cm interelectrode distance) were inserted
percutaneously and positioned at the right ventricular apex
and outflow tract. For the purpose of left ventricular en-
docardial mapping during ventricular tachycardia or left
ventricular stimulation in patients in whom no arrhythmias
could be induced using a standard stimulation protocol from
the right ventricle, a 6F quadripolar catheter (0.5 cm inter-
electrode distance) was inserted percutaneously into the
femoral artery and advanced to the left ventricle. A 5,000 U
bolus of heparin was administered on insertion of the cath-
eter into the arterial system. The study protocol was insti-
tuted after evaluation of the patient's documented or sus-
pected clinical arrhythmia.
Study Protocol
Pacing rate and location. Pacing at a cycle length of 400 to
500 ms was performed at 17 abnormal and 10 normal left
ventricular sites in the 19 patients. Abnormal sites were
defined by the presence of an abnormal electrogram re-
corded during normal sinus rhythm from electrode pair I and
3 (I cm interelectrode distance). All abnormal electrograms
during sinus rhythm demonstrated an amplitude <3 mV, a
duration >70 ms or an amplitude to duration ratio $0.045,
alone or in combination (16-18). In addition, all abnormal
sites were in the anatomic distribution of a severe wall
motion abnormality demonstrated on left ventriculography.
The wall motion abnormality was distal to a coronary artery
occlusion or severe (>70%) stenosis demonstrated on coro-
nary angiography. All 17 abnormal sites were in the 14
patients with coronary artery disease; 3 of these 14 patients
underwent stimulation at two abnormal sites, with the sec-
ond site remote from the original site of pacing and demon-
strating a morphologically distinct abnormal sinus rhythm
electrogram. Normal sites had normal-appearing electro-
graphic characteristics and were associated with normal wall
motion. All patients with dilated cardiomyopathy had a
normal electrogram, and their results were included because
they did not differ from those of the patients with no organic
heart disease and normal sites. At all sites, the catheter was
positioned such that the distal electrode was in direct contact
with the left ventricular endocardium. Stability of catheter
position was confirmed throughout the study protocol by
using multiplane fluoroscopy. Stability was also confirmed
by demonstrating that the recordings registered in sinus
rhythm were unchanged before and after pacing.
Pacing polarity. Bipolar pacing was performed at all 10
normal and 17 abnormal left ventricular sites using electrode
pair 1 (cathode) and 3 (1.0 cm interelectrode distance of the
quadripolar catheter). To determine the effects of pacing
polarity, unipolar pacing was also performed at 7 normal
sites and 15 abnormal sites. The distal pole of the quadripo-
lar catheter (cathode) was used for unipolar pacing, with a
patch lead placed on the chest wall in the right anterior
axillary line (V5R) as the anode. At eight sites of bipolar
pacing (four abnormal and four normal sites), unipolar
pacing was also attempted using electrode 3as the anode and
the chest patch as the cathode. This type of pacing with
electrode 3 as the unipolar anode was performed in an
attempt to define the potential role of anodal excitation
during bipolar stimulation.
Current strength. Constant current stimulation was per-
formed with a programmable stimulator (Bloom Associates
Ltd, Inc.). All stimulation was performed using alms pulse
width. Diastolic threshold was defined as the lowest current
strength (adjusted in 0.01 rnA increments) that resulted in
persistent ventricular capture (~15 consecutive beats) when
the stimulus was introduced in the latter half of electrical
diastole. Stimulation was performed at each site at thresh-
old, twice threshold and 5,10 and 20 rnA. The 5 rnA current
strength was not used if twice threshold values exceeded 5
rnA (see data analysis).
Recordings and measurements. Routinely, surface elec-
trocardiographic (ECG) leads I, a VF and VI were recorded
along with bipolar intracardiac recordings from the right
ventricular apex (electrode pair 3 and 4, 0.5 cm interelec-
trode distance), right ventricular outflow tract (electrode pair
3and 4) and the left ventricular site of stimulation (electrode
pair 2 and 4, I cm interelectrode distance). Left ventricular
recordings were made using both a variable gain for local
activation and a fixed gain (I cm, 1mV) for total electrogram
duration. Intracardiac recordings and surface ECGs were
simultaneously displayed on a multichannel oscilloscope
(Electronics for Medicine VR 16), stored on an analog
magnetic tape (Honeywell 5600) and recorded on a 16
channel mingograph (Siemens-Elema) at a paper speed of
250 mm/s. All signals were filtered at 30 to 500 Hz. All
measurements were performed after pacing for ~ 10 beats at
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Figure 1. Thresholds (mean values ± SD) for bipolar and unipolar
pacing of 10 normal (solid bars) and 17 abnormal (open bars)
(chronically infarcted) sites are similar. The threshold for unipolar
and bipolar pacing is higher at abnormal sites.
the pacing threshold at normal sites for bipolar and unipolar
pacing. There were no significant differences in the mean
diastolic pacing threshold for bipolar versus unipolar pacing
for normal or abnormal sites. The anodal pacing threshold
using pole 3 of the pacing catheter was determined at eight
sites. At four offour abnormal sites, the threshold for anodal
unipolar pacing using pole 3 was greater than 20 rnA. At two
of four abnormal sites, this threshold was 13 and 20 rnA,
respectively. At the two normal sites, this threshold was
only slightly greater than that noted with bipolar pacing
(cathode pole 1and anode pole 3) (2.1 versus 2.0 rnA and 2.0
versus 0.6 rnA, respectively).
Effect on indexes of local activation (Table 1; Fig. 2 to 4).
The effects of current strength on stimulus to QRS onset,
stimulus to the rapid deflection of the left ventricular elec-
trogram and stimulus to the end of the left ventricular
electrogram are noted in Table 1, with representative exam-
ples shown in Figures 2 and 3. A significant decrease in all
indexes of local activation was observed when pacing with
increasing current strength. A significant shortening in local
activation times was observed with pacing at 10 rnA com-
pared with threshold values at normal and abnormal sites
regardless of the pacing polarity. An exception to this
general finding was observed with unipolar pacing at normal
sites (Group 2) for the stimulus to the end of the local
electrogram interval. In this case, the median shortening of
the stimulus to the end of the left ventricular electrogram
interval compared with values obtained when pacing at
diastolic threshold was 11 ms at 10 rnA and 9 ms at 20 rnA
(p = 0.Q7 [NS]). With a current strength increase from
threshold to 5 rnA at the normal pacing sites (Groups 1 and
2), a significant decrease in only the time from stimulus to
onset of QRS complex was found. For both pacing polari-
ties, the activation times from pacing stimulus to the rapid
deflection of the local electrogram and from pacing stimulus
to the end of the local electrogram were significantly shorter
for the normal than for the abnormal pacing sites at all pacing
current strengths.
Median changes in indexes of local activation with in-
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Results
Threshold values (Fig. 1). The mean pacing threshold at
the abnormal sites was significantly greater (p < 0.01) than
a particular current strength. The results of four subsequent
beats were averaged and used to represent the value for the
specific site, polarity and current strength used for pacing.
The following indexes of conduction were measured:
Indexes oflocal activation. 1) Stimulus to the onset of the
surface QRS complex recorded in ECG leads I, a VF and Vl'
2) Stimulus to the largest rapid deflection recorded from
electrode pair 2and 4of the left ventricular catheter used for
stimulation. If no discrete rapid deflection could be defined
(10 of the 27 stimulation sites), this measurement was not
made. 3) Stimulus to end of electrogram recorded from
electrode pair 2and 4 of the left ventricular catheter used for
stimulation.
Indexes of distant activation. 1) Stimulus to the rapid
deflection recorded from electrode pair 3 and 4 on the
quadripolar catheter positioned at the right ventricular apex.
2) Stimulus to the rapid deflection from the electrogram
recorded from electrode pair 3 and 4 on the quadripolar
catheter positioned at the right ventricular outflow tract.
Index ofglobal ventricular activation. 1) Total duration of
the QRS complex measured from recordings in surface ECG
leads I, a VF and VI'
Data analysis. Continuous variables are represented as
median and range unless otherwise indicated. The effects of
current strength on activation were characterized in four
different groups based on the polarity of pacing (bipolar
versus unipolar) and site: Group 1 = bipolar pacing at a
normal site; Group 2 = unipolar pacing at a normal site;
Group 3 = bipolar pacing at an abnormal site; and Group 4
= unipolar pacing at an abnormal site.
Measurements in Groups 1and 2and Groups 3and 4were
done in separate groups of patients. Repeated measurements
at various current strengths in the same group were com-
pared using Friedman's nonparametric analysis of variance
for repeated measures; multiple comparisons were per-
formed using the Wilcoxon test with the Bonferoni correc-
tion (19). Because recordings were made at only 7 of 17
abnormal sites at 5 rnA (mean threshold value 2.7 ± 1.6), the
5 rnA values were not included in the analysis of variance at
the abnormal site (Groups 3 and 4). Unpaired comparisons
(normal versus abnormal sites, Group 1versus Group 3 and
Group 2 versus Group 4) and paired comparisons (bipolar
versus unipolar pacing, Group 1versus 2and Group 3versus
Group 4) were made using the Mann-Whitney and the
Wilcoxon tests, respectively. Linear regression analysis was
used to compare the effect on the change in activation time
with increased current strength at the two distant sites (right
ventricular apex and outflow tract). A p value <0.05 was
considered significant.
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Table 1. Effect of Pacing Current Strength on Indexes of Local Myocardial Activation
No. of
I x T 2xT 5mA lOrnA 20 rnA Sites
S to onset of QRS
Group I 31 (22-60) 31 (20-61) 28 (21-55)* 25 (20-60)* 24 (l5-5l)t 10
Group 2 41 (24-49) 33 (23-44)* 33 (24-46)* 33 (23-45)* 33 (25-44)* 10
Group 3 76 (21-145) 72 (22-146) 50 (20-150)t 43 (24-lOl)t 14
Group 4 82 (33-143) 71 (31-145) 63 (29-140)t 62 (30-139)* 14
S to rapid deflection of LV electrogram
Group I 22 (10-54) 20 (10-50) 19 (8-46) 12 (10-42)* II (10-42)* 7
Group 2 22 (20-54) 22 (18-50) 21 (15-48) 20 (13-42)* 20 (14-42)* 9
Group 3 92 (25-210) 83 (22-205) 69 (l9-195)t 62 (l2-190)t 13
Group 4 70 (32-205) 48 (32-205) 45 (30-205)t 45 (30-195)t 14
S to end of LV electrogram
Group I 77 (60-110) 71 (62-100) 70 (56-101) 70 (55-102)* 64 (52-100)t 10
Group 2 88 (70-106) 81 (70-108) 81 (64-120) 77 (62-130) 79 (60-126}t 10
Group 3 154 (70-250) 150 (76-230) 137 (52-260)t 126 (48-200)t 15
Group 4 149 (70-230) 138 (70-235) 134 (62-230)* 130 (60-225)t 15
*p < 0.05 vs. threshold (I x T); tp < 0.01 vs. threshold after analysis of variance; tp = not significant after analysis of variance. Results are presented as
median values (range in parentheses) in ms. Group I = normal site, bipolar pacing; Group 2 = normal site, unipolar pacing; Group 3 = abnormal site, bipolar
pacing; Group 4 = abnormal site, unipolar pacing; LV = left ventricular; S = stimulus artifact; 2 x T = twice threshold.
creases in the current strength from diastolic threshold to 20
rnA are shown in Figure 4 for both unipolar and bipolar
pacing. Increasing the current of bipolar pacing at abnormal
sites produced a significantly greater shortening of all in-
dexes of local conduction than a similar increase in current
strength during unipolar pacing. Increasing the pacing cur-
rent from diastolic threshold to 20 rnA during bipolar pacing
at abnormal sites also produced a significantly gr~ater short-
ening in local activation times than that produced by increas-
ing the current strength of bipolar pacing at normal sites,
with the exception of the interval from the stimulus to the
largest rapid deflection of the local electrogram (Fig. 4).
Finally, an increase in current strength during unipolar
pacing from threshold to 20 rnA produced a greater shorten-
ing of the stimulus to local activation interval at abnormal
versus normal sites.
Distant activation (Table 2; Figs. 5 and 6). The effects of
current strength on right ventricular apical and outflow tract
activation times 4uring bipolar and unipolar pacing at normal
and abnormal left ventricular sites are shown in Table 2. At
normal sites, unipolar or bipolar pacing with increasing
current strength produced a modest and relatively homoge-
neous shortening of activation times (Fig. 5). During such
pacing at normal sites, the maximal decrease in distant
activation time with an increase in current from threshold to
20 rnA was 14 ms. At abnormal sites, there was a much wider
range of changes in distant activation times with increases in
current strength. After an increase in current from threshold
to 20 rnA during bipolar pacing at 10 of the 17 abnormal sites,
the change in distant activation time was greater than the
maximal change in the distant activation time (14 ms) during
bipolar pacing at normal sites with similar increases in
current. The maximal shortening of distant activation time
with an increase in current strength during bipolar pacing
at an abnormal site was 74 ms at the right ventricular
apex and 89 ms at the right ventricular outflow tract. At
several of the abnormal sites, there was a paradoxic increase
in activation times when the current strength was increased
to 5 or 10 rnA (Figs. 3 and 5B). This effect was usually
overcome by a further increase in pacing current strength
to 20 rnA.
The change in distant activation times when increasing
the current strength from threshold to 20 rnA was greater
with bipolar pacing at abnormal sites than with unipolar
pacing at abnormal sites or bipolar pacing at normal sites
(Table 2). This trend achieved statistical signi~cance for the
distant activation time at the right ventricular apex only. To
determine whether a presumed change in the pattern of local
activation was also reflect~d in discordant changes at the two
distant recording sites, we correlated changes in distant
activation times during bipolar pacing at abnormal sites (Fig.
6). The change in activation time at the right ventricular apex
correlated (r = 0.93) with that at the right ventricular outflow
tract after an increase in pacing current from threshold to 20
rnA. This indicated a concordant rather than a discordant
change at the two distant recording sites.
In the subgroup of four patients with anodal (pole 3)
unipolar pacing threshold of>20 rnA at abnormal sites, we
compared the shortening of distant activation times for
bipolar and unipolar pacing when increasing current strength
from threshold to 20 rnA. Even in the absence of anodal
excitation, the shortening for bipolar pacing appeared to be
greater than for unipolar pacing (23 versus 1 ms; 74 versus 9
ms; 62 versus 50 ms; and 60 versus 59 ms).
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Discussion
This study describes the effects of pacing current strength
on indexes of ventricular activation in humans. A shortening
of both local and distant activation times was usually ob-
served with increasing current strength. This effect was
critically dependent on the site of pacing in chronically
infarcted myocardium.
Effect of current strength on ventricular activation. An-
imal and human studies (1,2,10) investigating the effect of
pacing current strength have focused on changes in effective
and relative refractory periods. Recent preliminary reports
(20-22) have begun to assess the effect of current strength on
the size and orientation of the corresponding stimulus fields
causing direct (as opposed to propagated) excitation of
myocardium.
Increasing the pacing current at normal sites with atten-
dant shortening of activation times by up to 10 ms is
consistent with a greater electrotonic spread of the excita-
tory current. A detailed recording of the activation process
using multiple closely spaced electrodes is required to sub-
stantiate this contention. However, because there were no
obvious changes in the QRS configuration during pacing at
normal sites, it seems unlikely that major changes in the
ventricular activation pattern occurred. Rather, by starting
off with a larger mass of excited myocardium, the overall
activation process is modestly shortened.
In comparison with pacing at normal sites, a greater
latency from the pacing stimulus artifact to the QRS onset
when pacing at chronically infarcted sites suggests activation
Figure 3. An example of the effect of current strength on indexes of
myocardial activation with bipolar pacing of an abnormal ventricular
site (apical septum). A minimal change occurred in local (left
ventricular [LVD and distant right ventricular apex [RVA] and right
ventricular outflow tract [RVOT] activation times with transition
from threshold to tw~ times threshold. With pacing at 10 rnA, a
marked increase in the activation times was noted. At 20 rnA, both
local and distant activation times markedly decreased. Associated
with the decrease in activation times at 20 rnA was a marked
decrease in the stimulus to QRS onset and an obvious increase in
total QRS duration'suggesting a dramatic change in global ventric-
ular activation. Panel arrangement and abbreviations are as in
Figure 2.
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Figure 2. Representative example showing progressive shortening of
local and distant activation times with pacing at an abnormal
(infarcted) left ventricular (LV) site using increasing current
strength. The panels are arranged with surface electrocardiographic
leads I, aVF and V1 and intracardiac recordings from the right
ventricular outflow tract (RVOT), right ventricular apex (RVA) and
the left ventricle at the pacing site, which was the superior apical
septum. Top, Bipolar pacing. Bottom, Unipolar pacing. Note that
the shortening of activation times is more pronounced with bipolar
pacing.
C) 10mA
1~
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VlRVOT---rv~122
RVA ---Ti'
LV _I 120 I,
Index of global left ventricular activation (Table 3). Total
QRS duration was not altered significantly by increases in
current strength. When normal sites were paced at increas-
ing current strength, the configuration of the paced QRS
complex never changed; however, pacing at abnormal sties
at 10 and 20 rnA frequently resulted in a distinct change in
QRS configuration. This change usually consisted of the
appearance of new Q or R waves and was found with bipolar
pacing (10 of 17 sites) and unipolar pacing (4 of 16 sites).
Because of the relatively long interval between stimulus
artifact and QRS onset on the surface ECG, these changes
could clearly be differentiated from the larger pacing decay
artifact. Occasionally, profound changes in the configuration
of the QRS complex were noted with increases in pacing
current strength (Fig. 3).
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of areas of slow conduction until a critical mass of myocar-
dium has been activated to produce a deflection on the
surface EeG. A greater effect from electrotonic spread with
higher pacing currents might be expected at sites of infarc-
tion. A higher current may activate surrounding normal
Figure 4. Graphic representation of the median decrease (range in
parentheses) in local activation times when pacing with increasing
current strength (threshold versus 20 rnA). A, Time (a) from
stimulus (S) to QRS onset. B, Time (a) from stimulus (S) to rapid
deflection of local left ventricular (LV) electrogram. C, Time (a)
from stimulus (S) to end of local left ventricular (LV) electrogram at
the pacing site. Note that bipolar pacing of abnormal (chronically
infarcted) sites resulted in the most pronounced changes (see text
for details).
areas in the vicinity of the electrode tip, resulting in pro-
nounced shortening of activation times. It is also conceiv-
able that the stimulus field is less homogeneous at abnormal
sites. Thus, for a given increase in pacing current, the
electrotonic spread in areas with increased connective tis-
sue, acting to insulate islands of surviving myocardial fibers
(23,24), would be greater than in tissue with more uniform
passive electrical properties. Furthermore, high current pac-
ing may activate areas refractory at lower current strengths
(2). These factors might alter the overall pattern of local
activation by overcoming areas of local block. This notion is
also supported by the observation that activation to local or
distant recording actually became delayed when pacing with
increased current at 4 of the 17 abnormal sites (Fig. 5). One
possible mechanism for this effect includes the electrotonic
effect from anodal stimulation leading to partial depolariza-
tion of adjacent tissue and inhibiting propagation of the
action potential from the site of cathodal stimulation. Addi-
tionally, creation of new activation wave fronts that demon-
strate even slower activation as the current strength is
increased may result in more rapid activation of the heart
when pacing at a low current strength.
Marked changes in QRS configuration indicate that not
only the timing but also the pattern of activation may be
definitively altered by pacing with increased current. This
was confirmed by the qualitative changes noted in local
electrogram configuration and quantitative changes in the
duration of local activation as the current strength was
increased (Figs. 2 and 3). To further support a change in
activation patterns, we correlated the differences in the right
ventricular apex and outflow tract activation times (Fig. 6).
The good overall correlation (r = 0.93) suggests that, when
changes in activation occur, they tend to affect more distant
recording sites in a similar fashion. This finding does not
preclude marked changes in the pattern of left ventricular
activation as suggested by the marked changes in the con-
figuration of the QRS complex, which were frequently noted
during pacing of infarcted endomyocardium with increased
current.
Bipolar versus unipolar pacing. Bipolar pacing resulted in
greater changes in activation than did unipolar pacing. We
believe that during bipolar pacing at threshold, the electrode
tip (cathode) was the sole source of excitation for the
following reasons: 1) the thresholds for bipolar and unipolar
pacing were not significantly different (Fig. I); 2) the activa-
tion times for unipolar and bipolar pacing at diastolic thresh-
old for a given site were very similar (Tables 1and 2); and 3)
late diastolic anodal thresholds are usually higher than
unipolar cathodal or bipolar thresholds (25). This finding is in
agreement with the work of Stevenson et al. (26), who found
no anodal excitation at threshold bipolar pacing. At higher
current strengths, however, additional anodal capture is
likely to occur (26,27). The contribution from anodal excita-
tion at abnormal sites may produce greater changes in local
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Table 2. Effect of Pacing Current Strength on Distant Myocardial Activation
Change No. of
I x T 2xT 5 rnA lOrnA 20 rnA (I x T vs 20 rnA) Sites
S to RV apex electrogram
Group I 102 (72-150) 102 (71-146) 101 (70-140)* 100 (70-139)* 96 (66-136)* 9 (-4-14)** 10
Group 2 106 (71-155) 107 (71-150) 101 (70-150) 101 (72-149) 102 (72-149):j: 5(-1-10) 10
Group 3 150 (80-190) 140 (%-185) 141 (80-208) 134 (65-165)t 23 (-5-74)§ 16
Group 4 162 (83-207) 152 (81-185) 149 (74-185)t 150 (80-193)t 7 (-18-59) II 16
S to RV outflow tract electrogram
Group I 110 (78-142) 109 (74-145) 104 (77-146) 102 (75-135)* 102 (75-142)* 7 (0-10) 8
Group 2 117 (81-147) 110 (78-152) 109 (80-145) 109 (81-150) 108 (81-149):j: 5 (-2-11) 8
Group 3 167 (60-215) 160 (57-210) 159 (56-223) 144 (53-19O)t 14 (-11-89) 15
Group 4 169 (58-234) 161 (52-210) 159 (57-210)* 160 (52-210)t 5 (-10-48) 15
*p < 0.05 vs. threshold; tp < 0.01 vs. threshold; :j:p '" not significant after analysis of variance; §p < 0.05 vs. Group I; lip < 0.05 vs. Group 3; **p < 0.05
vs. Group 2. All results are presented as median values (range in parentheses) in milliseconds, as measured from the stimulus artifact to the rapid deflection of
the corresponding electrogram. RV '" right ventricular; other abbreviations and definitions as in Table 1.
and distant activation than those produced by anodal exci-
tation at normal sites, which demonstrates much more rapid
spread of activation at threshold pacing. However, the
greater shortening in activation times during bipolar pacing
in the subgroup offour patients with anodal (pole 3) unipolar
thresholds >20 rnA suggests that another mechanism may be
responsible for the observed differences. Differences created
by the bipole in the orientation or strength of the electrical
field in relation to the endomyocardium might have been
operative in these cases and might help to explain the greater
shortening of activation times with increasing current during
bipolar as compared with unipolar pacing.
Limitations of the study. Although we demonstrated sta-
bility of catheter position and recorded electrograms, we
cannot exclude the possibility that slight or transient cathe-
ter movements due to left ventricular contraction occurred
during pacing. However, in Groups 1 and 2 (bipolar or
unipolar pacing at normal sites) with no or little reduction in
regional wall motion, we would have anticipated a potential
for instability of catheter position with associated marked
changes in conduction times that were not observed.
Only bipolar versus unipolar pacing was compared in the
same patient group. Thus, factors related to differences in
patient groups may have contributed to the differences in
results between Groups 1and 2 (pacing at normal sites) and
Groups 3 and 4 (pacing at abnormal sites). Assuming that
excitation occurred primarily from pole 1 (cathode) of the
left ventricular catheter, the local bipolar recording, using
electrode pair 2 and 4 of the quadripolar catheter, may not
encompass the earliest activation site. We used electrodes 2
and 4 of the quadripolar catheter for recording local activa-
tion to maximize proximity of a recording electrode (or
electrodes) to the primary pacing pole (electrode 1) and the
endomyocardium. As noted in the Methods section, the
stimulus decay artifact at high current pacing sometimes
obscured part of the local activation process when these
recording electrodes were used. Specially designed ampli-
fiers that use blanking periods for the stimulus duration
Figure 5. Change in distant activation time (right ven-
tricular apex) when pacing with increasing current
strength. Left, Bipolar pacing. Right, Unipolar pacing.
Note the marked variability in the degree of change with
bipolar pacing of abnormal left ventricular (LV) sites at
higher current strengths. lXT and 2XT = threshold and
twice threshold, respectively.
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might alleviate this problem and improve the ability to
characterize rapid local activation.
Clinical implications. Our findings might help to explain
the differences noted in arrhythmia inducibility or termina-
tion, or both, when comparing programmed stimulation
performed at twice diastolic threshold versus that using
higher current strengths (6,8,13). The observed changes in
the pattern or timing, or both, of local and distant ventricular
activation when stimulating with increasing current strength
may potentiate or preclude the initiation of the ventricular
arrhythmia. The findings are of particular importance when
programmed stimulation is performed from various left
ventricular sites in the setting of chronic coronary artery
disease (28).
In addition, pacing at the "site of origin" to prevent
induction of ventricular tachycardia appears to be effective
only when pacing is performed at high current strengths (15).
High current pacing at the site of origin of the ventricular
tachycardia may increase the likelihood of significantly
altering the necessary electrophysiologic substrate for the
reentrant tachycardia and preclude arrhythmia initiation.
Finally, pace mapping of infarcted myocardium is used to
help identify the site of tachycardia origin (29). It appears
that changes in the pacing current strength may not only
dramatically influence the stimulus to QRS onset, but also
dramatically alter the configuration of the QRS complex.
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Figure 6. Correlation of the change (~) in activation time from
stimulus (S) to the right ventricular apex (RVA) (x axis) and right
ventricular outflow tract (RVOT) (y axis) when increasing the
current of bipolar pacing from threshold to 20 rnA at abnormal sites.
Table 3. Effect of Pacing Strength on QRS Duration*
No. of
1 x T 2xT 5mA IOmA 20 rnA Sites
Group 1 146 (102-180) 148 (99-185) 141 (97-190) 140 (102-188) 140 (lOO-188)t 10
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Group 4 159 (94-210) 152 (90-205) 158 (90-203) 154 (94-212)t 15
*All results are presented as median values (range) in milliseconds. tp = not significant. Abbreviations and definitions as in Table 1.
JACC Vol. 15, No.2
February 1990:393-401
MEESMANN AND MARCHLINSKI
PACING CURRENT STRENGTH AND MYOCARDIAL ACTIVATION
401
11 Waxman HL, Cain ME, Greenspan AM, Josephson ME. Termination of
ventricular tachycardia with ventricular stimulation: salutary effect of
increased current strength. Circulation 1982;65:800-4.
14. Fisher ill, Kim SG, Matos JA, Ostrow E. Comparative effectiveness of
pacing techniques for termination of well-tolerated sustained ventricular
tachycardia. PACE 1983;6:915-22.
15. Marchlinski FE, Buxton AE, Miller JM, Josephson ME. Prevention of
ventricular tachycardia induction during right ventricular programmed
stimulation by high current pacing at the site of stimulation. Circulation
1987;76:332-42.
16. Cassidy DM, Vassallo JA, Buxton AE, Doherty JV, Marchlinski FE,
Josephson ME. The value of catheter mapping during sinus rhythm to
localize site of origin of ventricular tachycardia. Circulation 1984;69:
1103-10.
17. Cassidy DM, Vassallo JA, Marchlinski FE, Buxton AE, Vntereker WJ,
Josephson ME. Endocardial mapping in humans in sinus rhythm with
normal left ventricles: activation patterns and characteristics of electro-
grams. Circulation 1984;70:37-42.
18. Cassidy DM, Vassallo JA, Miller JM, et aI. Endocardial catheter mapping
in patients in sinus rhythm: relationship to underlying heart disease and
ventricular arrhythmias. Circulation 1986;73:645-52.
19. Glantz SA. Primer of Biostatistics. New York: McGraw-Hili, 1981:299.
20. Frazier DW, Krassowska W, Chen P-S, et aI. Transmural activations and
potentials with endocardial and epicardial pacing (abstr). J Am Coli
CardioI1987;9(suppl A):32A.
21. Frazier DW, Krassowska W, Chen P-S, et al. Anodal and cathodal
excitation with low and high currents (abstr). J Am Coli Cardiol 1987;
9(suppl A):96A.
22. Spaggiari S, Baruffi S, Arisi G, Macchi E, Taccardi B. Effect of intramural
fiber direction on epicardial isochrome and potential maps (abstr). Circu-
lation 1987;76(suppl IV):IV-241.
23. Fenoglio JJ Jr, Pham TD, Harken AH, Horowitz LN, Josephson ME, Wit
AL. Recurrent sustained ventricular tachycardia: structure and ultra-
structure of subendocardial regions where tachycardia originates. Circu-
lation 1983;68:518-33.
24. Gardner PI, Vrsell PC, Fenoglio JJ Jr, Wit AL. Electrophysiologic and
anatomic basis for fractionated electrograms recorded from healed myo-
cardial infarcts. Circulation 1985;72:596-611.
25. Mitamura H, Ohm O-J, Michelson EL, Sauermelch C, Dreifus LS.
Importance of pacing mode in the initiation of ventricular tachyarrhyth-
mia in a canine model of chronic myocardial infarction. J Am Coli Cardiol
1985;6:99-101
26. Stevenson WG, Wiener I, Weiss IN. Contribution of the anode to
ventricular excitation during bipolar programmed electrical stimulation.
Am J Cardiol 1986;57:582-6.
27. Stevenson WG, Wiener I, Weiss IN. Comparison of bipolar and unipolar
programmed electrical stimulation for the initiation of ventricular arrhyth-
mias: significance of anodal excitation during bipolar stimulation. Circu-
lation 1986;73:693-70.
28. Robertson JF, Cain ME, Horowitz LN, et al. Anatomic and electrophys-
iologic correlates of ventricular tachycardia requiring left ventricular
stimulation. Am J CardioI1981;48:263-8.
29. Josephson ME, Waxman HL, Cain ME, et aI. Ventricular activation
during ventricular endocardial pacing. II. Role of pace-mapping to local-
ize origin of ventricular tachycardia. Am J Cardiol 1982;50: 11-22.
